The uptake and metabolism of [3H]leucine, [U-14C]glucose, and [3H]palmitate were studied in rabbits aged -3, 1, 7, 28, and 90 days up to 1-1.5 years. Although lung composition did not change markedly, there were great differences in lung metabolism between the perinatal period (late fetal and newborn) and later stages of development.
Speculation
Our data suggest that late fetal lung has a high metabolic activity that corresponds to the high synthetic demands of a rapidly growing and differentiating organ. Our study shows a higher glucose uptake in fetal and newborn lung than at later ages. Of special significance is the finding that lipid and, especially, fatty acid synthesis from glucose, is highest in the fetal lung. Since glucose is incorporated chiefly into phospholipids, the 7-8 times higher incorporation of glucose carbons into phospholipid fatty acid could have special significance for surfactant biosynthesis.
Surfactant production is closely linked to lung maturation and is of prime importance to the ability of the premature o r term infant to survive (9, 13) . It is for this reason that most of the interest in lung metabolism during the perinatal period has been focused on surfactant synthesis and secretion (13, 14, 20, 28) . With the exception of collagen (3) and glycosaminoglycan synthesis (18) , very little is known on other aspects of lung metabolism during this period of rapid lung growth; in addition, there are only few systematic studies that extend throughout the developmental period into adulthood and old age. In the present study, we have investigated glucose metabolism and lipid and protein synthesis in rabbit lung from 3 days before birth to 2 years of age.
MATERIALS AND METHODS

ANIMALS
New Zealand white rabbits were obtained from the B and H Rabbitry, Rockville, MD. Newborn rabbits up to 3 weeks of age were on a diet of mother's milk only; between 3 and 8 weeks they were on a mixed diet of milk and solid food, and 9 after 8 weeks they received only solid food (nonmedicated Purina rabbit chow). Old rabbits were breeding females 1-1.5 years old. The animals were anesthetized with sodium Nembutal (Abbott Laboratories, Chicago, IL), 5 0 mg/kg iv for rabbits 3 months and older, or 25-50 mg/100 g ip for the younger rabbits. The lungs were cannulated, removed, and lavaged with a sterile solution of Krebs-Ringer-bicarbonate (31) buffer containing 0.2% glucose for the harvest of alveolar macrophages (34) . The lungs were then kept in petri dishes in ice for 15-45 min until incubation. Lung slices 1 mm thick (22) were prepared with a McIlwain tissue slicer (Brinkman Instruments, Westbury, NY). Tissue slices (50-80 mg) were incubated in 2 ml KrebsRinger bicarbonate buffer for the study of lung metabolism as described below.
MATERIALS
All chemicals used were of the highest purity obtainable commercially. Radioactive chemicals (D-[U-14C]glucose, L [4,5-3H] leucine, and [9,10-3H]palmitic acid) were purchased from New England Nuclear, Boston, MA.
GLUCOSE METABOLISM
Tissue slices were incubated in 2 ml Krebs-Ringer bicarbonate buffer containing 75 mg/100 ml carrier and 0.3 pCi/ml D-[U-14C]glucose. The incubation flasks were capped with serum stoppers equipped with plastic disposable CO, collection vials (Kontes Company, Vineland, NJ) containing fluted (4 x 2.5 cm) Whatman no. 1 filter paper. The flasks were aerated for 1 min with 95% 0,-5% CO,; incubation was for 15-180 min at 37" in a Dubnoff shaking bath. The reaction was stopped by the injection of 0.2 ml 30% perchloric acid into the medium; 0.2 ml phenethylamine (Scintanalyzed, Fisher Scientific Company, Fairlawn, NJ) was injected into the filter paper in the center well and the flasks were kept at room temperature for an additional 30 min for the collection of I4CO,. The filter papers were then transferred to counting vials containing 1 0 ml 4.2% RPI PPO-POPOP scintillator in toluene (RPI Research Products International Corporation, Elk Grove Village, IL). The incubation medium was stored at -18' for the determination of glucose (15) and lactate (17) . The tissues were rinsed in saline and homogenized in chloroform-methanol (2:l) and the lipids were extracted and washed according to the method of Folch et a!. (1 1) . An aliquot of the lipids was saponified (1 hr at 60° in 1 ml saturated aqueous 1:20) and the radioactivity present in tissue total lipid, fatty acids, and glyceride-glycerol was measured by liquid scintillation spectrometry.
PALMITATE METABOLISM
Tissue slices (50-80 mg) were incubated in 2 ml KrebsRinger bicarbonate buffer (slightly modified to contain only 25% of the regular Cat+ concentration) containing 2% bovine serum albumin (Fraction V, Armour Pharmaceutical Company, Kanakee, IL, lot N-50402), 1 0 mg/100 ml glucose, and 0.05 pCi/1.5 pmol/ml 9-10 [:'H]palmitic acid. Albumin-bound palmitic acid was prepared according to the method of Darrah and 96 HAMOSH, SHECHTER, AND HAMOSH Hedley-Whyte (8) . Incubation was at 37" for 15-180 min. At the end of the incubation the tissues were carefully rinsed in 1% albumin solution to remove adsorbed palmitic acid, and then homogenized in chloroform-methanol (2:l); lipids were extracted and washed according to the method of Folch et al.
(1 1). Free palmitic acid was separated from esterified palmitate by a modification (16) of the method of Borgstrom (2) . Phospholipids and neutral lipids in the chloroform extract were separated by thin layer chromatography on silica gel sheets (Eastman Kodak Co. Rochester, NY). The solvent system for phospholipid separation was chloroform-methanol-water (70:30:3.5) (8); neutral lipids were separated with a solvent system containing ether (30-60" bp)ethyl ether-glacia1 acetic acid (120:46.6:1) (16). Reference standards were obtained from Applied Chemicals Co., University Park, PA. The spots were localized by a brief exposure to iodine vapor, cut out, and transferred to scintillation vials containing 1 0 ml 4.2% RPI scintillator.
LEUCINE INCORPORATION INTO PROTEIN
Lung slices were incubated in 2 ml Krebs-Ringer bicarbonate buffer containing 0.5 pCi L-[4,5-%]-leucine and 0.2 pmol carrier L-leucine/ml. Glucose was present at a concentration of 75 mg/100. Incubation was at 37" for 15-180 min. A t the end of the incubation the tissue was rinsed with saline and homogenized. T o precipitate the proteins, 1 vol 100% cold trichloroacetic acid (TCA) was added to 9 vol homogenate (final TCA concentration was 10%). The mixtures were kept overnight at 4" and were then centrifuged, the supernatant was decanted and the TCA precipitate was washed twice with 10% cold TCA. Lipids were extracted (24) with 2 ml ethyl ether-acetonechloroform (2:2:l, v/v) at 60" for 3 0 min. The organic solvents were removed and the precipitates were air-dried and solublized in 5 ml I N NaOH by heating at 80" for 3 0 min. Aliquots (0.1-0.2 ml) were taken for liquid scintillation spectrometry and for protein determination (23) .
Incubation flasks in all experiments (with the exception of glucose incorporation) were aerated throughout incubation with 95% 0,-5% CO,. Wet weight of lung slices was determined at the end of the incubation after eliminating excess moisture with gentle suction on a Buchner funnel. Control flasks containing lung slices and incubation medium were prepared for each experiment and were incubated in crushed ice for 60-180 min. Radioactivity in all samples was measured by liquid scintillation spectrometry in a Mark 11 liquid scintillation spectrometer, (Searle Radigraphics, Inc. Des Plaines, IL).
Aqueous samples were counted in 10 ml scintillation fluid consisting of 24% Triton X-100 (New England Nuclear, Pilot Chemicals Division, Boston, MA, catalog no. NEF-936) and 5% RPI PPO-POPOP scintillator in toluene; when needed, water (up to 0.5 ml) was added to the counting vials to clear the mixture. Counting efficiency was 90-95% for "C and 50-55% for :'H. Appropriate internal standards were used to determine corrections for quench.
TISSUE ANALYSIS
Dry weight was determined on 300-to 400-mg lung samples; the tissues were kept at 80' until constant weight was reached (1-3 days). Tissue samples for DNA, RNA, and protein analysis were rapidly frozen and kept at -70" until analysis. DNA was determined with the diphenylamine reagent (4, 29) using calf thymus (Sigma Chemical Co. St. Louis, MO, lot 93C-9501-95) as references standard. RNA was measured with orcinol reagent (29) using yeast R N A (Sigma, type X I , lot 24C-8150) as standard. Protein was measured by the method of Lowry (23) using crystalline bovine serum albumin (Sigma, lot 83C-8090) as standard.
LIPID ANALYSIS
Tissue (250-300 mg) was weighed rapidly and homogenized in chloroform-methanol (2:l). Samples were stored at -18' under nitrogen until further analysis. The chloroform layer was separated and washed by the method of Folch et al. (11) . The phospholipids were separated from neutral lipids by column chromatography on silicic acid (Unisil, 100-200 mesh, Clarkson Chemical Co., Williamsport PA). The silicic acid was activated at 100" for 3 0 min, dispersed in methanol, poured in columns (Plastic disposable columns no. 3030-31, Evergreen Scientific, Los Angeles, CA), and washed with 20 vol methanol followed by 20 vol chloroform. Chloroform (0.3-0.5 ml) containing the lipid to be analyzed (2-4 mg total lipid) was applied and eluted from the column with 1 0 ml chloroform (Fraction I), 5 ml 5% V/V methanol in chloroform (Fraction 2), 5 ml40% v/v methanol in chloroform (Fraction 3), and 5 ml methanol (Fraction 4). The lipid composition of the four fractions was checked by thin layer chromatography on silica gel plates as described above. Neutral lipids were recovered ( 9 5 9 8 % ) in Fraction 1. Fraction 2 contained traces of neutral lipid (monoglyceride and diglycer- Results are mean + SE. Gestation in the rabbit is 31 days; the animals are mature at 90 days. There were several litters in age groups.feta1 to 30 days; there were three to four rabbits per litter. All results are expressed per g wet weight. FA: fatty acid. Data are n by silicic acid column chromatography. Phospholipids were quantitated the hydroxamic acid method (27) . For details see Methods.
Percentage of total phospholipid. anesthetized, the lungs were removed, and one lung was lavaged. The contralateral lung was the nonlavaged control. The experiments were repeated with rabbits of various ages with the same results, i.e., there was no difference in the incorporation of labeled precursors by lavaged or nonlavaged lungs.
ide) and traces of phospholipid (not more than 5 % of total phospholipids). Fraction 3 contained mostly phosphatidylethanolamine and small amounts of phosphatidylcholine, and Fraction 4 contained phosphatidylcholine (about 85-90% of the total amount) lysolecithin and sphingomyelin. Neutral lipids were quantitated by the hydroxamic acid method (27) and phospholipids by measuring the organic phosphorus content (1).
RESULTS
The relationship of lung weight to body weight in late fetal, newborn, and developing rabbits is shown in Table 1 . Lung weight, expressed as percentage of body weight, decreased rapidly from 2.7% 3 days before birth to 2.1% 1 day before birth and 1.5% several hours after birth. The lungs reached the adult level of 0.4% of body weight at the age of 3 months.
COMPOSITION OF RABBIT LUNG
'rhe composition of rabbit lung from 28 days in utero throughout development and up to 1.8 years of age is shown in Table  2 . Lung dry weight and protein content were unchanged from -3 days to 30 days of age (mean values were 11.4% and 9.3%, respectively); there was a 15-23% increase in dry weight at 9 0 days and 1.2-1.8 years; protein concentration was unchanged during the first month after birth and increased only 10% from 3 0 days of age to 1.8 years. DNA concentration (pg/mg protein) decreased after 30 days of age from a level of 50.2-57.4 pg/mg protein during the first week after birth to an average of 40 pg/ mg protein between 1 month and 1.8 years. There were only small fluctuations in the R N A level between -3 days and 9 0 days; however, at 1.8 years of age the R N A level was 20% lower. The lipid composition of rabbit lung is shown in Table 3 . The composition of total lipids and phospholipids changed only slightly from 3 days before birth to 7 days after birth. Although there were no marked changes in the lipid composition, there was a gradual rise (40-50%) in phospholipid and total lipid --lean + SE. There were 6-12 animals in each group. Lipids were separated by phosphorus determination (1) ; glyceride ester bond was measured by content, respectively, from 1 day after birth to 1.8 years of age. Phosphatidylcholine made up 50-60% of lung phospholipids.
Since at all ages tested (except in fetal rabbits) the lungs were lavaged prior to the preparation of slices, we tested whether this procedure affects lung metabolism. A s shown in Table 4 , lung metabolism was unaffected by lavage.
INCORPORATION OF [3H]LEUCINE INTO LUNG PROTEIN (FIG. 1)
Incorporation of leucine into acid-insoluble material was high. est in the perinantal period (3 days before birth and 1 day after birth). Leucine incorporation decreased from 3.34 ? 0.30 nmol/ mg proteinlhr to 2.30 nmol/mg protein per hr at 7 days of age; a further slight decrease occurred between 4 weeks and 3 months of age (2.4 and 1.66 nmol/mg proteinlhr, respectively). Leucine incorporation into protein was linear during an incubation of 3 hr in all age groups studied (Fig. 2) . The marked decrease in leucine incorporation with increasing age is again apparent. Addition of cycloheximide (5 x M) to the incubation medium caused a 90-95% inhibition of leucine incorporation into protein in all ages studied.
Glucose uptake was higher in fetal rabbits than in all other age groups (Table 5 ). Lactate production was higher in fetal and 1 day-old rabbits than at all other ages, 76% and 71% of the glucose taken up was metabolized to lactate in fetal and 1-day-old rabbits as compared to 52-45% in the older age groups. Of the glucose taken up by the lung, 6.6% was channeled into lipid synthesis in fetal lungs as compared to only 2-3% in the other age groups. Furthermore, incorporation of glucose carbon into the fatty acid moiety of lung lipids was 4 times higher in fetal lungs than in lungs of 7-day to 1.5-year-old rabbits. Of the glucose carbon incorporated into lipid, 75-80% was found in lung phospholipids at all ages studied. There were no differences in C02 production between the various age groups.
Palmitic acid incorporation (Fig. 3) decreased during the first week after birth from 150 nmo1/100 mg/hr to 85 nmo1/100 mg/ hr at 7 days of age; it increased thereafter to 170 nmo1/100 mg/ hr at 4 weeks of age and remained at that level throughout the entire period studied. The palmitic acid taken up by the lung was rapidly esterified (58% esterification after 3 0 min of incubation and 85-90% at the end of 3 hr of incubation). It can be seen from Figure 3 that an identical percentage of palmitic acid was esterified by the lung in rabbits of various ages. There were no age differences in the amount of palmitate incorporated into phospholipids (60-70%) o r in the biosynthesis of lecithin (50-60% of total phospholiids). Addition of choline (10 mM) to the incubation medium did not affect the rate of palmitate incorporation into lung lipids at' all ages studied.
DISCUSSION
The results of the present study show that 3 days before birth the rabbit lung is highly active metabolically. Although lung For details see Methods. composition (Tables 1 , 2 , and 3) does not change markedly during the perinatal period (from 3 days before birth to 1 week after birth) there are marked changes in lung metabolism. Our data on the rapid decrease of lung weight relative to body weight during the last days of gestation and immediately after birth agree well with earlier observations (21) and show in addition that this ratio changes only little after 4 weeks of age ( Table 1 ). The great similarity in lung composition 3 days before birth to that of lungs 1 and 7 days after birth seems to indicate that rabbit lungs have reached a considerable degree of maturity 3 days before birth. This assumption is supported by observations that after 28 days gestation, the fetal rabbit lung contains substantial amounts of surfactant (28) and, furthermore, that after this age the air spaces contain adequate surfactant concentrations (7) . Lung dry weight, protein, DNA, and RNA concentration (Table 2) were almost constant during the perinatal period.
The decrease in lung DNA and protein concentration that accompanies accelerated lung maturation after corticosteroid administration (5) is probably not related to the maturation of the lung per se, but is mainly due to the growth-inhibiting effect of corticosteriods (19) . There was a slight rise in lung lipid concentration throughout the period studied; however, there were no changes in lipid composition (Table 3) . Phosphatidyl choline concentration remained relatively constant at 52-54% of total phospholipids (Table 3) . These results agree well with recently published observations (30) . In contrast to the lipids in lung parenchyma, the phospholipids of lung wash have been shown to increase several-fold during the last 4 days of gestation (28) , and especially after the onset of breathing (13, 20, 28) . This is probably related to more efficient surfactant secretion into the airways of fetal rabbits after 2 8 days of gestation (7) . There are marked differences in glucose metabolism between lungs of fetal rabbits and those of older rabbits. Glucose uptake and lactate production were higher in fetal lungs than in all other age groups. Our data of higher lactic acid production in fetal and neonatal rabbits agree well with a similar study in rats in which higher lactic acid production was found in slices of fetal lung when compared to adult lung (32) . The amount of lactic acid produced in slices of adult rabbit lung (Table 5 ) , is almost identical with that produced in lung slices of adult rats (26, 32, 33) .
Of special significance seems to be the fact that lipid biosynthesis from glucose is 3 times higher in fetal lungs and, furthermore, that a large part (60%) of glucose carbon atoms channeled into lipid are incorporated into fatty acids; at all other ages glucose is chiefly a precursor of lipid glycerol and only a relatively small amount (10-15%) is incorporated into glyceridefatty acids (10) . Since glucose carbons are incorporated chiefly (75-80%) into phospholipids, the 7-to &fold higher incorporation of glucose into fatty acids during the fetal period may have special significance in specific phospholipid synthesis, possibly surfactant.
Protein synthesis was highest in fetal and neonatal lungs, and decreased 30% during the first week after birth. There was a further gradual decrease during the entire period studied (Fig.  1) . Our data are a t variance with those of Bradley et al. (3) , who reported a marked fall in protein synthesis during the last ten days before birth. We d o not known whether this difference is due to the fact that we used leucine whereas Bradley used proline in the protein synthesis experiments, o r to the fact that in our studies the incubation medium contained 75 mg/100 ml Results are mean r. SE. There were 6-12 rabbits in each age group. Wet weight. Lung lipids were hydrolyzed to free glycerol and fatty acids and the amount of label in each fraction was measured; see Methods for details. Percentage of uptake.
glucose. Glucose has been shown to stimulate leucine incorporation into protein in lung slice preparations (25) . Whereas acetate incorporation into lung fatty acids increases 5-10 times during the first 2 weeks after birth and is very low in adult animals ( 6 ) , our experiments show that incorporation of long chain fatty acids (palmitate) into lung lipids is almost constant throughout life (Fig. 3) . O u r data agree well with in vivo studies in fetal and newborn lambs in which it was shown that after injection of labeled palmitate, the specific activity of whole lung lecithin was similar in fetal and newborn lambs (12) . The present study shows that late fetal lung has a high metabolic activity that corresponds to the high synthetic demands of a rapidly growing and differentating organ. Lung composition (dry weight, protein, DNA, RNA, neutral and phospholipid) was studied in late fetal, newborn, and developing rabbits and compared to that of adult and old (1-1.5 years) animals. Lung composition changed very little during the perinatal period (3 days before birth to 7 days after birth). After 30 days of age there was a slight decrease in DNA concentration and a concomittant rise in dry weight, protein, and lipid content of rabbit lungs. Lung metabolism, however, was markedly different at various developmental periods. Glucose uptake and lactate production was highest in fetal lungs; fatty acid synthesis from glucose was also highest at this age. Leucine incorporation into protein was highest in fetal and neonatal lungs, and decreased 30% during the first week after birth. Incorporation of long chain fatty acids (palmitate) into lung lipids was almost constant throughout life. These observations show that during the perinatal period rabbit lung has a high metabolic activity necessary to meet the high synthetic demands of this rapidly growing and differentiating organ.
